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WOVEN PROSTHESIS AND METHOD FOR
MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a nationalization of International Patent
Application No. PCT/US2011/067002, filed on Dec. 22,
2011, pursuant to 35 USC §371, which in turn claims benefit
of priority to U.S. patent application Ser. No. 12/978,382,
filed on Dec. 23, 2010, the entire disclosures of which are
expressly incorporated by reference herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.
BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an implantable woven
prosthesis and a method for manufacturing same. In an exem-
plary embodiment, the prosthesis is a tubular graft varying in
diameter along its length. The prosthesis may be used, for
example, by vascular or cardiovascular surgeons, for repair-
ing portions of the cardiovascular system, including but not
limited to all or portions of the ascending aorta, and aortic
root. In an exemplary embodiment, the present invention may
also applicable to valve sparing and Bentall-type procedures.

2. Description of Related Art

Tubular woven fabrics have been used for soft-tissue
implantable prostheses to replace or repair damaged or dis-
eased lumens in the body. Within the field of cardiothoracic
surgery, for example, endoprostheses are used in the vascular
system to prevent blood flow and pressure from rupturing a
weakened or otherwise damaged section of the vessel. Such
endoluminal conduits may be affixed in a specified location in
the vessel by means of stents, hooks, sutures, or other mecha-
nisms serving to secure the devices in place. Endoluminal
tubular devices or conduits can also be used in other lumens
in the body, such as in the esophagus and colon areas.

One area of specialty, replacement or repair of the aortic
valve and/or the ascending aorta, in particular the sinuses of
Valsalva, involves specialized and time consuming surgical
procedures. These procedures have traditionally been per-
formed with straight woven grafts. Although the procedures
can be executed with a straight graft prosthesis, there is an
increasing perception within the surgical community that
vascular grafts incorporating bulges or bulbous portions to
mimic the natural shape and profile of the human vasculature
may be beneficial. Attempts to fabricate such grafts by others
typically have caused problems in one or both of the areas of
fabrication, surgical utility, and/or post-operative patency.

For example, some fabrication attempts have involved
post-weaving processing such as stitching, suturing, or the
seaming of cut sections of corrugated fabrics together in a
manner that results in a graft comprising a corrugated expand-
able middle section. Such a graft requires additional and
costly manufacturing steps. Furthermore, the resulting graft
can compromise surgical utility and ease of use for the sur-
geon, since a sufficiently flat and smooth surface is not pro-
vided for anastomosis to occur on a bulbous portion. Such
deficiencies complicate anastomosis procedures.

Additionally, the “seams” or “junctions” where the mul-
tiple components are brought together create localized por-
tions of graft rigidity, strength, and change in porosity not
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found in other portions of the graft. The resulting non-uni-
form nature of the underlying graft forces the surgeon to
consider orientation of the graft prior to and during implan-
tation and/or anastomosis. This extra precaution required of
the surgeon may distract him or her from other aspects of the
surgery.

Furthermore, in vivo arterial pressure applied to grafts with
corrugated bulbous sections may result in expanded shapes
and dimensions that are drastically different when compared
to the unpressurized state of such prosthesis commonly
occurring during surgery. With such prostheses, the surgeon
will therefore not be able to predict the in vivo performance of
the prosthesis in terms of the clearance or engagement of
valve leaflets with the inner sidewall of the prosthesis. There-
fore, the surgeon may not fully appreciate how such a graft
will function in vivo, and may not have any predictions as to
long-term surgical success of the prosthetic thereby poten-
tially jeopardizing the intended efficacy of the surgical pro-
cedure.

Other examples of fabricating prostheses for addressing
problems relating to the ascending aorta and sinuses of Val-
salva attempt to utilize shrinking characteristics of yarns in a
controlled manner such that smaller diameter portions of a
graft are created through the shrinking of weft yarns. While
tapers may be able to be formed through such a procedure,
concerns relating to suture retention strength as well as non-
uniform porosity and yarn spacing of the fabric structure can
cause problems for surgeons and/or long term durability of
the prosthesis, when used for repairing portions of the ascend-
ing aorta. Additionally, the fabricator of such prostheses will
be limited through the shrink coefficients of the yarns to
design geometries of sufficient taper required for mimicking
the sinuses of Valsalva.

SUMMARY OF THE INVENTION

An implantable prosthesis according to an example
embodiment of the present invention comprises a woven base
comprising base warp yarns interwoven with weft yarn
passes, the woven base at least partially forming smaller and
larger diameter portions of the prosthesis and one or more
velour yarns forming part of both the smaller and larger
diameter portions. In at least a portion of the larger diameter
portion at least one of the one or more velour yarns incorpo-
rated into the woven base and exhibiting a weave pattern
consistent with the woven base.

According to an example embodiment, within the smaller
diameter portion, the at least one of the one or more velour
yarns is not incorporated into the woven base and does not
exhibit a weave pattern consistent with the woven base.

According to an example embodiment, a spacing between
the base warp yarns is maintained approximately the same in
the smaller and larger diameter portions without adding addi-
tional warp yarns to the larger diameter portion beyond that in
the smaller diameter portion.

According to an example embodiment, an increase in
diameter of the prosthesis going from the smaller diameter
portion to the larger diameter is effected by increasing spac-
ing between the base warp yarns during weaving of the pros-
thesis.

According to an example embodiment, the spacing
between the base warp yarns in the larger diameter portion is
made smaller without reducing a diameter of the larger diam-
eter portion by at least one of the one or more velour yarns
incorporated into the woven base of the larger diameter por-
tion.
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According to an example embodiment, the prosthesis is a
generally tubular graft and the larger diameter portion lies
within a portion of the graft varying in diameter along a
longitudinal axis of the graft and the smaller diameter portion
lies within a portion of the graft having a generally uniform
diameter.

According to an example embodiment, the prosthesis is a
generally tubular graft and the larger and smaller diameter
portions lie within a portion of the prosthesis in diameter
along a longitudinal axis of the graft.

According to an example embodiment, in at least a portion
of the smaller diameter portion the one or more velour yarns
exhibit a float that is entirely absent or smaller in the larger
diameter portion.

According to an example embodiment, a spacing between
the base warp yarns in the smaller diameter portion is within
30% of the size of the spacing in the larger diameter portion.

According to an example embodiment, a spacing between
the base warp yarns in the smaller diameter portion is within
15% of the size of the spacing in the larger diameter portion.

According to an example embodiment, a spacing between
the base warp yarns in the smaller diameter portion is within
10% of the size of the spacing in the larger diameter portion.

According to an example embodiment, the prosthesis com-
prises a quantity of the base warp yarns and velour yarns is the
same in the larger diameter portion as the smaller diameter
portion, and wherein the base warp yarns and the velour warp
yarns are continuously woven between the smaller diameter
portion and the larger diameter portion.

According to an example embodiment, the prosthesis com-
prises a secondary woven layer disposed over at least one of
the smaller and larger diameter portions, and a portion of a
yarn forming the secondary layer is incorporated into the base
layer of the larger portion.

An implantable prosthesis according to an example
embodiment of the present invention comprises, (i) a woven
structure comprising warp yarns interwoven with weft
passes, all or a portion of the warp yarns together with the
weft passes form a woven base of the woven structure, (ii) a
first portion of the woven structure is woven with a first set of
the warp yarns, a first subset of the first set of the warp yarns
interwoven with the weft passes forms the woven base in the
first portion, two of the warp yarns in the first subset in the first
portion are spaced apart from each other a first distance along
a surface of the prosthesis, the first distance is greater than any
spacing between any other pair of warp yarns in the first
subset in the first portion along the surface of the prosthesis,
(iii) a second portion of the woven structure is woven with the
first set of the warp yarns, a second subset of the first set of the
warp yarns interwoven with the weft passes forms the woven
base in the second portion, two of the warp yarns in the first
subset in the second portion are spaced apart from each other
a second distance along the surface of the prosthesis, the
second distance is greater than any spacing between any other
pair of warp yarns in the first subset in the second portion
along the surface of the prosthesis. The second distance is
greater than the first distance, and the number of warp yarns
in the first subset is smaller than the number of warp yarns in
the second subset.

According to an example embodiment the portion of the
warp yarns interwoven with the weft passes and disposed in
the woven base are arranged in a base weave pattern, and
another portion of the warp yarns not disposed in the woven
base are velour warp yarns.

According to an example embodiment the prosthesis is a
generally tubular graft, the first portion having a first diameter
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along a longitudinal axis of the graft, the second portion
having a second diameter along the longitudinal axis larger
than the first diameter.

According to an example embodiment the first portion of
warp yarns not in the first subset forming the woven base
exhibit a float that is entirely absent or smaller in the second
portion.

According to an example embodiment, the prosthesis has a
first end and a second end, and essentially all the warp yarns
are continuously woven between the first and second ends.

According to an example embodiment the prosthesis com-
prises a secondary woven structure disposed over at least one
of the first and second portions, wherein a portion of a yarn
forming the secondary woven structure is incorporated into
the woven base of the secondary portion.

An example method for making a prosthesis according to
the present invention comprises the steps of, (i) weaving a
woven base from a set of warp yarns and at least one weft yarn
pass the set of warp yarns comprises warp yarns woven as
base warp yarns and warp yarns woven as non-base warp
yarns, wherein the base warp yarns and weft yarn passes are
woven into a base weave pattern, and the non-base warp yarns
are woven with at least one weft yarn pass when not woven
into a base weave pattern, (ii) incorporating into the woven
base one or more of the non-base warp yarns, wherein the one
or more non-base warp yarns assume a weave pattern consis-
tent with all or portions of the base weave pattern.

According to an example embodiment the non-base warp
yarns are velour yarns.

According to an example embodiment the woven base is
configured to establish a smaller and larger diameter portion,
and the larger diameter portion is capable of achieving a
larger diameter than the smaller diameter portion. The larger
diameter of the larger diameter portion is achieved by the step
of incorporating into the woven base one or more velour
yarns.

An example method for making the graft may further
include the step of incorporating into the woven base one or
more velour yarns exclusively utilizes velour yarns utilized as
velour priorto being incorporated into the base weave pattern.

According to an example embodiment the larger diameter
portion has a base warp density within a tolerance of 30% of
a base warp density for the smaller diameter portion.

According to an example embodiment the larger diameter
portion has a base warp density within a tolerance of 15% of
a base warp density for the smaller diameter portion.

According to an example embodiment the larger diameter
portion has a base warp density within a tolerance of 10% of
a base warp density for the smaller diameter portion.

According to an example embodiment a variable reed is
moved during the weaving step to provide for a varied diam-
eter profile of the medical prosthesis.

An example method for making a prosthesis according to
the present invention comprises the step of weaving a woven
base comprising base warp yarns interwoven with weft yarn
passes, the base at least partially forming smaller and larger
diameter portions, and one or more velour yarns forming part
otf’both the smaller and larger diameter portions. The example
method for making the prosthesis may further comprise
weaving in at least a portion of the larger diameter portion at
least one of the one or more velour yarns into the woven base
to exhibit a weave pattern consistent with the woven base.

According to an example embodiment the at least one of
the one or more velour yarns woven into the woven base of the
larger diameter portion and exhibiting a weave pattern con-
sistent with the woven base is not woven into the base of the
smaller diameter portion.
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An example method for making a prosthesis according to
the present invention comprises the steps of, (i) weaving a
variable diameter graft having a velour layer on at least a
portion of the graft, comprising the step of changing a weave
pattern of a warp yarn used to form the velour layer in a
smaller diameter portion of the graft such that said warp yarn
takes on a weave pattern and forms part of a base layer of a
larger diameter portion of the graft.

An example method for making the prosthesis may further
include the step of changing the weave pattern of the warp
yarn as it transitions from the larger diameter portion to a
second smaller diameter portion so as to form a velour layer
on at least a portion of the second smaller diameter portion
which is smaller in diameter than the larger diameter portion.

An example method for making the prosthesis may further
include the step of shifting at least a pair of adjacent warp
yarns used to form a base layer of the smaller diameter portion
s0 as to increase a spacing between the adjacent warp yarn in
the larger diameter portion.

According to an example embodiment a spacing between
base warp yarns used to form the smaller diameter portion is
within 30% of the size of a corresponding spacing between
the same base warp yarns in the larger diameter portion.

According to an example embodiment a spacing between
base warp yarns used to form the smaller diameter portion is
within 15% of the size of a corresponding spacing between
the same base warp yarns in the larger diameter portion.

An example method for making a prosthesis according to
the present invention comprises the steps of, (i) forming a first
portion of the prosthesis by interweaving base warp yarns,
velour warp yarns, and one or more weft yarn passes, (ii)
shifting at least a pair of adjacent base warp yarns so as to
increase or decrease a spacing between them, and (iii) form-
ing a base layer of a second portion of the prosthesis by
weaving the one or more weft yarn passes with the at least a
pair of shifted base warp yarns together with one or more of
the velour warp yarns.

According to an example embodiment wherein the velour
warp yarn exhibits a float in the first portion and no float or
less of a float in the second portion.

According to an example embodiment, wherein the shift-
ing is accomplished using a warp yarn guide device.

According to an example embodiment, the warp yarns pass
through gaps in the warp yarn guide device and the spaces are
spaced apart a distance greater than the spacing between the
warp yarns in the first portion of the prosthesis.

According to an example embodiment, wherein the medi-
cal prosthesis is a generally tubular graft and the second
portion of the graft has a larger diameter than the first portion
of the graft.

According to an example embodiment, the shifting is
incrementally increased or decreased along a longitudinal
axis of the graft so as to effect a change in diameter of the
prosthesis.

According to an example embodiment, wherein a spacing
between the base warp yarns in the first portion is within 30%
of'the size of a corresponding spacing between the same base
warp yarns in the second portion.

An example method for making the graft may further
include the step of using at least one of the base warp yarns
from the first portion in the second portion as a velour warp
yarn and not as part of the base layer of the second portion.

According to an example embodiment, a quantity of the
base warp yarns and velour warp yarns is the same for both the
first portion and the second portion.
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According to an example embodiment a quantity of the
base warp yarns and velour warp yarns is consistent through-
out the entire medical prosthesis.

An example method for weaving a prosthesis according to
the present invention comprises the steps of, (i) weaving a
woven base comprising base warp yarns interwoven with
weft yarn passes, the base at least partially forming smaller
and larger diameter portions of the prosthesis, one or more
velour yarns forming part of both the smaller and larger
diameter portions, and (ii) incorporating in at least a portion
of the larger diameter portion at least one of the one or more
velour yarns into the woven base so as to exhibit a weave
pattern consistent with the woven base. According to an
example embodiment, incorporating in step (ii) may not be in
the smaller diameter portion.

An example method for weaving the prosthesis may further
include the step of shifting at least a pair of adjacent warp
yarns used to form a base layer of the smaller diameter portion
$0 as to increase a spacing between said adjacent warp yarns
in the larger diameter portion.

An example method for making an implantable medical
prosthesis according to the present invention and comprising
a woven structure comprising warp yarns interwoven with
weft passes, all or a portion of the warp yarns together with
the weft passes form a woven base of the woven structure,
comprises the steps of, (i) weaving a first portion of the woven
structure with a first set of the warp yarns, a first subset of the
first set of the warp yarns interwoven with the weft passes
forms the woven base in the first portion, two of the warp
yarns in the first set in the first portion are spaced apart from
each other a first distance along a surface of the prosthesis, the
first distance is greater than any spacing between any other
pair of warp yarns in the first set in the first portion along the
surface of the prosthesis, and (ii) weaving a second portion of
the woven structure with the first set of the warp yarns, a
second subset of the first set of the warp yarns interwoven
with the weft passes forms the woven base in the second
portion, two of the warp yarns in the first set in the second
portion are spaced apart from each other a second distance
along the surface of the prosthesis, the second distance is
greater than any spacing between any other pair of warp yarns
in the first set in the second portion along the surface of the
prosthesis.

An implantable prosthesis according to an example
embodiment of the present invention comprises (i) a woven
base comprising base warp yarns interwoven with weft yarn
passes, the base at least partially forming smaller and larger
diameter portions of the prosthesis, and (ii) one or more
additional warp yarns forming part of both the smaller and
larger diameter portions. In at least a portion of the larger
diameter portion but not the smaller diameter portion at least
one of the one or more additional warp yarns incorporated
into the woven base and exhibiting a weave pattern consistent
with the woven base.

An implantable prosthesis according to an example
embodiment of the present invention comprises a prosthesis
comprising a woven base, the base forming all or part of the
sidewall of a proximal tubular portion, a larger diameter por-
tion, and a distal tubular portion, the larger diameter portion
comprises a maximum diameter, the maximum diameter is 4
or more millimeters larger than a measured diameter within
the proximal tubular portion, the larger diameter portion has
a length between seventy five percent and one hundred fifty
percent of the measured diameter within the proximal tubular
portion, the proximal tubular portion and the larger diameter
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portion have a substantially uniform yarn to yarn spacing
within the woven base for warp yarns woven with weft passes
within the woven base.

According to an example embodiment the weft passes are
woven with the same yarn material and shrinkage attributes
throughout the proximal tubular portion, the larger diameter
portion, and the distal tubular portion. The shrinkage
attributes include coefficients of shrinkage.

According to an example embodiment the weft passes are
woven with the same weft yarn throughout the proximal
tubular portion, the larger diameter portion, and the distal
tubular portion.

According to an example embodiment the larger diameter
portion is seamlessly woven with the proximal tubular por-
tion and the distal tubular portion.

According to an example embodiment the same quantity of
warp yarns are used to form the proximal tubular portion, the
larger diameter portion, and the distal tubular portion.

According to an example embodiment the larger diameter
portion is configured to be dimensionally stable under pres-
surized conditions of 120 millimeters of Mercury.

According to an example embodiment the larger diameter
portion is configured to maintain its diameter under fluidic
pressurized conditions of 120 millimeters of Mercury.

According to an example embodiment the woven base at
the maximum diameter of the larger diameter portion is free
of at least one of corrugations, pleats, and crimps.

According to an example embodiment the larger diameter
portion is dimensionally stable under pressurized conditions
of 120 millimeters of Mercury.

According to an example embodiment, the prosthesis has
at least one diameter transition reference indicator.

According to an example embodiment, the diameter tran-
sition reference indicator is comprised of weft yarn passes of
a different color than other portions of the prosthesis.

According to an example embodiment, the diameter tran-
sition reference indicator is formed from one or more weft
yarn passes having a color distinguishable from the remain-
ing portion of the prosthesis.

An example method for making an implantable medical
prosthesis of the present invention comprises the step of
weaving a tubular prosthesis with at least one weft yarn and a
plurality of warp yarns, all or a portion of the warp yarns are
woven as base warp yarns, velour warp yarns, or both velour
and base warp yarns, and wherein the weaving occurs in a
longitudinal direction from a smaller diameter portion to a
larger diameter portion while maintaining within a predeter-
mined range an average base warp yarn density while
decreasing a velour warp yarn density.

According to an example embodiment, a quantity of warp
yarns is maintained constant during the step of weaving.

According to an example embodiment, during the step of
weaving, the total warp yarn density decreases.

According to an example embodiment, the predetermined
range is within a range of plus or minus 30% of an average
base warp yarn density throughout the prosthesis, preferably
20% of an average base warp yarn density throughout the
prosthesis, and more preferably 10% of an average base warp
yarn density throughout the prosthesis, and most preferably
5% of an average base warp yarn density throughout the
prosthesis.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is perspective view of a vascular graft according to
an example embodiment of the present invention.
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FIG. 2 is a cross sectional view taken along lines 2-2 in
FIG. 1.

FIG. 3 is a cross sectional view taken along lines 3-3 in
FIG. 1.

FIG. 4A is a partial sectional view of a portion of the graft
of FIG. 2.

FIG. 4B is a partial sectional view of a portion of the graft
in FIG. 3.

FIG. 5 is a magnified top view of a portion of the graft
surface in FIG. 1.

FIG. 6 is a sectional view taken along lines 6-6 in FIG. 5.

FIG. 7 is a sectional view taken along lines 7-7 in FIG. 6.

FIG. 8 is an elevation view of a vascular graft according to
an example embodiment of the present invention.

FIG. 9 is a magnified view of a bulbous portion and adja-
cent portions of the graft of FIG. 8.

FIG. 10 is a magnified view taken of a portion of the graft
as shown in FIG. 8 and FIG. 9.

FIG. 11 is a magnified view of a sub-portion of the portion
illustrated in FIG. 10.

FIG. 12A is a sectional view taken along lines 12A-12A in
FIG. 10.

FIG. 12B is a sectional view taken along lines 12B-12B in
FIG. 10.

FIG. 12C is a sectional view taken along lines 12C-12C in
FIG. 10.

FIG. 13A is an elevation view of a fan-shaped reed in a first
position.

FIG. 13B is an elevation view of a fan-shaped reed in a
second position.

FIG.13C is an elevation view of a fan-shaped reed in a third
position.

FIG. 14A is an elevation view of a fan-shaped reed in a first
position.

FIG. 14B is an elevation view of a fan-shaped reed in a
second position.

FIG. 14C is an elevation view of a fan-shaped reed in a third
position.

FIG. 15 is a magnified view of a portion of the graft in FIG.
8.

FIG. 16A is a perspective view of a graft according to an
example embodiment of the present invention.

FIG. 16B is an elevation view of the graft of FIG. 16A.

FIG. 17A is a perspective view of a graft according to an
example embodiment of the present invention.

FIG. 17B is an elevation view of the graft of FIG. 17A.

FIG. 18 is a front view of a fan-shaped reed.

FIG. 19A is an overhead view of a weaving station accord-
ing to an example embodiment of the present invention.

FIG.19B is a side view of the weaving station of FIG. 19A.

FIG. 20 is an elevation view of a graft according to an
example embodiment of the present invention.

FIG. 21 is an elevation view of a graft according to an
example embodiment of the present invention.

FIG. 22 is an elevation view of a graft according to an
example embodiment of the present invention.

FIG. 23 is an elevation view of a graft according to an
example embodiment of the present invention.

FIG. 24A is an elevation view of a vascular graft according
to an example embodiment of the present invention.

FIG. 24B is an end view of the embodiment of FIG. 24A.

FIG. 25A is an elevation view of a vascular graft according
to an example embodiment of the present invention.

FIG. 25B is an end view of the embodiment of FIG. 25A.

FIG. 26 is a table of potential parameters according to an
example embodiment of the present invention.
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FIG. 27 is a table of potential parameters according to
another example embodiment of the present invention.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

For purposes of the description hereinafter, the words
“upper,” “lower,” “right,” “left,” “vertical,” “horizontal,”
“top,” “bottom,” “lateral,” “longitudinal,” “axial,” and like
terms, if used, shall relate to the invention, as it is oriented in
the drawing figures. When appropriate, the term “proximal”
shall refer to the relative location of an aspect of a prosthesis,
directed towards a heart such as a human heart, and the term
distal shall refer to a relative location of an aspect of prosthe-
sis in a direction away from a heart. It is to be understood that
the invention may assume many alternative variations and
embodiments except where expressly specified to the con-
trary. It is also to be understood that the specific devices and
embodiments illustrated in the accompanying drawings and
described herein are simply example embodiments of the
invention.

FIG.11llustrates a varied-diameter prosthesis 10 according
to an example embodiment of the present invention config-
ured, for example, as a replacement for the aortic root or
ascending aorta. Prosthesis 10 includes a first woven tubular
portion 12, a bulbous second woven portion 14, and a third
woven tubular portion 16. Prosthesis 10 further comprises a
proximal end 18, a distal end 20, and a sidewall 30 disposed
therebetween. The sidewall 30 is continuously woven thereby
using continuous warp yarns between the ends of the woven
structure, such as the proximal 18 and distal end 20, without
the need for cutting apart or welding together the warp yarns
in between the ends. Other example configurations of the
prosthesis 10 are illustrated in FIGS. 8, 16A, 16B, 17A,17B,
20 to 23, 24A, 24B, 25A, and 25B.

The sidewall 30 of prosthesis 10 shown in FIG. 1 is con-
figured to resist a predetermined level of blood leakage. The
leakage rate may be controlled by adjusting the porosity of the
sidewall 30 by, for example, adjusting the weave pattern, yarn
spacing, yarn denier, and/or yarn tightness. Such attributes of
sidewall 30 will provide for a uniform porosity sufficient to
provide for tissue ingrowth, yet not cause or promote leakage.
The porosity of sidewall 30 can be generally uniform
throughout prosthesis 10 before and/or after an optional coat-
ing application. Coating applications including collagen or
gel coatings may be employed depending on the desired
configuration by the fabricator. Desirably, a porosity of side-
wall 30 after a coating step may be less than 5 milliliters per
centimeter squared per minute at 120 mm Hg. This may be
measured using the Wesolowski method.

A variety of weave patterns may be employed. When warp
yarns of the present disclosure engage consecutive weft
passes, this is commonly known as a plain weave pattern.
Additionally, when warp yarns skip, jump, or float over a
plurality of weft passes (greater than the skip utilized in the
base), these warp yarns are referred as to velour warp yarns
and the weave pattern is referred to as a velour weave pattern.
A variety of weave patterns may be chosen for both the base
as well as portions other than the base, such as warp yarn
patterns for those warp yarns not in the base. Examples of
non-base warp yarn patterns include velour weave patterns
for warp yarns not in the base. Velour weave patterns may
include single velour, double velour, and others. Generally,
the frequency of interlacing of weft pass is greater for warp
yarns when in the base than it is for warp yarns when in a
non-base layer such as a velour layer.
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Prosthesis 10 is generally elongate, and is woven with warp
yarns arranged generally parallel to an axis 34 shown in FIG.
1. First and second tubular portions 12 and 16 are shown as
straight tubular portions and are continuously interwoven
with the bulbous portion 14 disposed between the tubular
portions 12 and 16. The prosthesis 10, 10', 10", 10", 310, 410,
510,610,910, and 960 depictedinFIGS. 1,8,16A,16B,17A,
178, 20 to 23, 34 A, 24B, 25A, and 25B represents just a few
examples of the universe of complex contoured vascular pros-
thetic structures capable of being produced utilizing the tech-
niques of the present invention, and other variations within
the scope of the claimed invention are contemplated.

FIG. 2 illustrates a highly schematic cross section taken
about line 2-2 in FIG. 1. The diameter of the prosthesis 10 at
line 2-2 is labeled using reference number 32. As discussed
further below, the prosthesis 10 as illustrated in FIG. 2 has
already undergone processing steps so as to allow it to main-
tain this substantially self-supporting configuration. Prior to
this processing, the prosthesis has a more flattened profile
common to greiges.

FIG. 3 illustrates a highly schematic cross section taken
about line 3-3 in FIG. 1. The diameter of the prosthesis 10 at
line 3-3 is labeled as reference number 33. Line 3-3 intersects
prosthesis 10 at a larger diameter than line 2-2, and thus the
diameter 33 is larger in magnitude than the diameter 32.

FIG. 4A is a magnified view of a circumferential section 35
of'prosthesis 10 shown in FIG. 2. Illustrated is a cross section
of the sidewall, comprising a total of fifteen warp yarns 40,
and two weft passes 52. A first set of warp yarns (fifteen as
illustrated) are shown, ten of which are interwoven with a first
set of weft passes 52 (two weft yarns as shown), and comprise
a first subset of the first set or base layer 60. The term “base”
is meant to be interchangeably used with the terms “base
layer,” “foundation,” “ground” or “ground layer.” The
remaining warp yarns make up a second set of warp yarns,
and are positioned outside the base layer 60, in a non-base
layer, such as a velour layer 62. This second set comprises
among the five non-base warp yarns, yarns 27',29', and 31". In
this embodiment, the non-base velour layer provides a loose
weave (relative to the base layer 60) allowing for tissue
ingrowth into the prosthesis 10 during usage as a vascular
conduit and, thus, functions as a velour layer.

Similar to FIG. 4A, FIG. 4B represents a magnified view of
a circumferential section 37 of prosthesis 10 shown in FIG. 3
taken over the same arc as section 35. Illustrated is a cross
section of the sidewall, including a total of thirteen warp yarns
40, and two weft passes 52. A first set of warp yarns 40
(thirteen as illustrated) are shown, ten of which are interwo-
ven with a first set of weft passes 52 (two weft yarns as
shown), and comprise a first subset of the first set or base layer
60. Two warp yarns of the first subset of the first set are warp
yarns 27" and 31", which are the same warp yarns 27" and 31'
illustrated in FIG. 4A, but now positioned in FIG. 4B as
interwoven with weft passes 52 and in the base layer 60. The
two warp yarns 27 and 31 have therefore have been shifted
from a first position in a non-base layer (velour layer 62)
illustrated in FIG. 4A (as warp yarns 27' and 31'), to a base
layer 60 illustrated in FIG. 4B (as warp yarns 27" and 31").

Despite the diameter increase between FIG. 2 and FIG. 3,
it should be noted that a center-to-center distance or spacing
3 between adjacent warp yarns 40 in both FIGS. 4A and 4B is
the same or approximately the same. The expanded diameter
in the bulbous portion 14, therefore, does not come at the
expense of increased prosthesis porosity in this portion 14,
which can cause blood leakage as well as reduce suture integ-
rity during procedures such as anastomosis. Rather, shifting
warp yarns 27" and 31' in the non-base layer 62 into the base
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layer 60 during weaving of the prosthesis 10 allows for an
increased diameter in the second woven portion 14 while still
maintaining the yarn density, and thus porosity of the pros-
thesis 10, in this portion 14. Shifting the warp yarns 40 apart,
absent any other intervention, necessarily decreases the yarn
density of the prosthesis 10 in the bulbous portion 14.

In an exemplary embodiment, rather than shifting both
yarns 27" and 31" into the base layer 60, only one of yarns 27'
and 31' may be shifted into the base layer. In this case, spacing
between adjacent warp yarns will increase compared to that
as shown in FIGS. 4A and 4B. This may be desirable to the
extent a reduced porosity is desired in the bulbous second
portion 14 as compared to, for example, the first woven tubu-
lar portion 12, while still maintaining the porosity above a
level allowing for blood leakage.

Throughout the present disclosure, including FIGS. 4A
and 4B, when the warp yarns are located in a base layer of the
prosthesis and have adopted a weave pattern or first weave
pattern consistent with the base layer, the warp yarns when in
the base layer 60 are referred to generically as base warp
yarns. Furthermore, when the warp yarns are not in the base
layer 60 and have not adopted the weave pattern of the base
layer 60, or have adopted a second weave pattern different
from the first weave pattern, the warp yarns may be referred to
within the present disclosure as non-base warp yarns, such as,
but not limited to velour warp yarns. Some warp yarns may be
positioned and/or woven as a base warp yarn throughout all or
just a portion of the entire prosthetic structures described
herein. Some warp yarns may be positioned and/or woven as
a velour warp yarn throughout all or just a portion of the
prosthetic structures described herein. Further, some warp
yarns may serve as both velour warp yarns and base warp
yarns and may transition between the two states by a transi-
tion or adjustment in weave pattern or frequency of interlac-
ing.

FIG. 5 is a magnified view of a portion 46 (circumscribed
in dashed lines for reference only) of an external surface 28 of
prosthesis 10 as shown in FIG. 1. Three warp yarns (generally
referenced as warp yarns 40) are shown woven with a plural-
ity of weft passes 52. The warp yarns extend in a direction
correlating to arrows 48, while the weft passes 52 extend in
directions that correlate with arrows 50. Other directions may
be employed without departing from the spirit of the inven-
tion, and the directions shown are merely illustrative. Arrows
48 are generally consistent with the axis 34 in FIG. 1.

Of the warp yarns 40 illustrated in FIG. 5, two of the warp
yarns 40 are base warp yarns 42 throughout the entire figure,
and one of the warp yarns 44 exhibits behaviors of both a base
warp yarn, such as warp yarns 42, as well as a non-base warp
yarn, such as a velour warp yarn. The non-base warp yarn 44
exhibits both a first weave pattern, i.e., a 5/1 velour pattern,
and a second weave pattern, i.e., a 1/1 plain weave pattern. In
the 5/1 velour pattern, the warp yarn 44 (shown cross hatched
for illustrative purposes only) passes under a first weft pass 52
(first to the leftin FIG. 5), and floats over five subsequent weft
passes 52 before passing under the third to last right most weft
pass 52. After passing under the third to last right most weft
pass 52, warp yarn 44 transitions to a base warp yarn by
adopting a repeating over and under 1/1 plain weave pattern
for the remaining weft passes 52.

Consistent with the above, base warp yarns 42a and 425
engage each of the nine subsequent weft passes 52 from leftto
right. Specifically, base warp yarn 42a is positioned below the
first weft pass while base warp yarn 425 is positioned above
the first weft pass. This pattern repeats such that all of the nine
weft passes shown in FIG. 5 are interwoven with the first and
second base warp yarns 42a, 42b.
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On the right most side of portion 46, where warp yarn 44 is
woven/incorporated into the base 60, and adopts a weave
pattern consistent with the base (such as the 1/1 weave pattern
shown for base warp yarns 42a, 42b), adjacent base warp
yarns 40 are shifted apart from each other in the base layer 60
and accommodate this incorporation. This relative shifting of
the base warp yarns 40 in the base layer 60 as illustrated
occurs before the transition in weave pattern but may also
occur at or after the transition in weave patterns. As detailed
below, a warp yarn guide device (FIGS. 13A-13C and 14A-
14C), such as a fan-shaped reed, may be used to adjust the
spacing between the warp yarns 40. When warp yarn 44 is
moved into the base layer 60, warp yarn 44 adopts the same
weave pattern as one or both of base warp yarns 42a, 42b.
Warp yarn 44, when in the base layer 60, is in-phase with base
warp yarn 42a, and out-of-phase with base warp yarn 424.

First warp yarn spacing 56 designates the space between
adjacent base warp yarns 42a, 425 in the base layer 60 when
additional warp yarns are not interwoven between the base
warp yarns 42a, 42b with a weave pattern consistent with the
base warp yarns 42a, 42b. Second warp yarn spacing 59
designates the larger center to center distance between adja-
cent warp yarns 42a, 425 in the base layer 60 to the right of
portion 46 where the yarns 424, 425 been shifted apart.

FIG. 6 illustrates a side view of portion 46 of external
surface 28, taken through lines 6-6 in FIG. 5. FIG. 6 illustrates
how warp yarn 44 floats over five weft passes 52 as a velour
warp yarn, engage, i.e., pass under, an additional weft pass
(the sixth from the left), and change weave patterns to adopt
abase weave pattern by floating above and below consecutive
weft passes. While FIG. 6 demonstrates a gap or spacing 65
between warp yarn 44 and the base warp yarns 42 when warp
yarn 44 is not in the base layer 60, the warp yarn 44 may be
woven in a manner such that no space or gap exists. Also,
while FIG. 5 illustrates the warp yarn 44 only projecting from
surface 28 (an outer surface of the prosthesis 10), the velour
warp yarn 44 may be flipped such that it projects only from an
inner surface of the prosthesis, or optionally from both the
inner and outer surfaces 26, 28. Further, while a float over five
weft passes is illustrated other floats may be used as well.

FIG. 7 illustrates a cross sectional view taken through lines
7-7 of FIG. 6. First base warp yarn 42a and second base warp
yarn 425 are shown to have different elevations, with a weft
pass disposed therebetween, but they may also be arranged so
as to be at the same elevation. A dashed line is included in
FIG. 7 for illustrative purposes to distinguish between the
base layer 60 below the dashed line and the non-base layer 62
above the dashed line.

As indicated above, base warp yarns 42a, 426 and the
interposed weft passes 52 form the base layer 60 further
illustrated in FIG. 7 and lateral distance 56 represents the
center-to-center distance between the first and second warp
yarns 42a, 42b. This distance 56 (see also FIG. 5) between
adjacent warp base warp yarns may be adjusted, e.g., so as to
make space for one or more velour warp yarns to be incorpo-
rated into the base layer 60 and adopt a weave pattern con-
sistent with the base layer 60. To the extent desirable, e.g., to
control porosity, suture retention strength, or permeability to
blood of the prosthesis, distance 56 may also be decreased
when a base warp yarn moves out of the base layer 60 and
adopts a weave pattern consistent with a non-base weave
pattern, such as a velour weave pattern.

Warp yarns may be systematically moved from a first posi-
tion in a non-base layer 62, hence outside of base layer 60 of
the woven structure, to a second position within the base layer
60. In the first position, the warp yarns are woven in a manner
in which they engage weft passes, and may for example be
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woven in a velour-type manner, floating over a plurality of
weft yarn passes, adopting a non-base 62 weave pattern such
as a velour weave pattern. Alternatively, in the first position,
the warp yarns may be woven in a layer not in the base, such
as in a multi-layered or three dimensional fabric structure,
wherein the base comprises one of the layers, and the other
layer(s) may comprise the non-base layer 62. In the second
position, the warp yarns are woven into the base layer 60,
preferably in a manner whereby the warp yarns adopt or take
on the weave pattern of the base 60.

When the warp yarns are moved into the base of the woven
structure, some or all of the base warp yarns may be moved
laterally with respect to each other so that the warp yarn
brought into the base has sufficient space to adopt a weave
pattern consistent with the base, and also provide for a con-
trolled base warp yarn density (e.g., a consistent warp yarn
density). Warp yarn density is typically measured in warp
yarns per given unit of length of fabric. For clarity, in the
present disclosure, woven yarn density will relate to a given
length of the woven structure that can be measured for
instance in a generally taut state, i.e., drawn tight sufficient to
remove slack. The density is measured as the quantity of
yarns per given unit of length.

FIG. 8 illustrates an example embodiment of woven pros-
thesis 10" of the present invention. Similar to FIG. 1, the
prosthesis 10' is illustrated as having a first tubular portion
12', a second bulbous portion 14'; and a third portion 16'. The
second tubular portion 16, 16' has a crimped surface 17, 17'
but may also be non-crimped. The crimped surface 17,17' can
be circularly crimped, helically crimped, or configured with
combinations thereof.

FIG. 9 is a magnified view of a portion of the prosthesis 10’
of FIG. 8 taken about a dashed line border 240. As can be seen
in FIG. 9, circumferentially spaced velour warp yarns 44' are
woven into the prosthesis 10" and extend longitudinally along
the prosthesis 10'. The circumferential center-to-center spac-
ing of the velour warp yarns 44' is adjustable. Also adjustable
is the pattern, sequence, or rate in which the velour warp yarns
44' are longitudinally transitioned into and out of the base
layer 60 (FIGS. 12A-12C).

A plurality of groups of velour warp yarns (250, 254, 258,
262, 266, and 270) are shown in FIG. 9. Each group is repre-
sentative of a plurality of warp yarns that share a character-
istic relating to the positioning of the groups of warp yarns.
Shown for example in FIG. 9 are a plurality of groups, three
of which are illustrated with suffixes a through ¢ for the
groups of velour warp yarn 250, 254, 258, 262, 266, and 270.
A first group of velour warp yarns 250 is represented by
velour warp yarns (or sets of velour warp yarns) 250a, 2505,
and 250c. These yarns may be brought into the base and adopt
aweave pattern consistent with the base at the same or similar
time during the weaving process. Subsequent to velour warps
yarns 250a, 2505, and 250c¢ being moved into the base, addi-
tional velour warp yarns such as a second group of warp yarns
254 comprised of velour warp yarns 254a, 2545, and 254c¢
may be brought into the base. The process of moving one or
more groups of velour warp yarns into the base can intention-
ally be arranged to correlate to the vertical positioning of a
reed 120 and can be used to maintain base warp yarn density,
and control the diameter of the prosthesis such as to increase
or decrease the diameter. This process as applied to groups of
velour warp yarns 250 and 254 can be subsequently adapted
to additional groups, such as 258, 262, 266, and 270. This
process, therefore, can be used to controllably expand the
diameter of the woven prosthesis.

FIG. 10 is a magnified view of a portion of the bulbous
section 14' shown in FIG. 9 and circumscribed by dashed line
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border 242 for illustration purposes. The portion circum-
scribed by dashed border 242 includes one ofthe many velour
warp yarns 44' spaced about and woven into prosthesis 10". In
the magnified view of FI1G. 10, it can be seen that the portion
circumscribed by border 242 actually may include two velour
warp yarns 2725', 2725" that are closely spaced. For added
clarity, FIG. 11 is a magnified view of the portion of the
prosthesis 10’ circumscribed by dashed border 244 in FIG. 10.

FIGS.12A,12B, 12C are sectional views shown in FIG. 10
taken along lines 12A-12A, 12B-12B, and 12C-12C, respec-
tively. For illustrative clarity, the weft yarns are not shown. As
the prosthesis 10" is woven, and as further detailed below,
velour warp yarns 2725', 2725" are progressively shifted from
the velour layer 62', 62", 62'" into the base layer 60', 60", 60",
e.g., so as to maintain a warp yarn density of the base layer 60
while increasing a width 108', 108", 108" defined by a first set
of' warp yarns 84, 88, 90, 92. This pattern or technique can be
used in a repetitive manner throughout a prosthesis, to thereby
produce a large diameter bulbous portion (such as bulbous
portions 14, 14' illustrated in FIGS. 1 and 8), as well as
manage porosity, warp yarn density, or other properties of a
prosthesis. The technique may also be used to construct var-
ied diameter embodiments of other shapes and geometries
such as those illustrated in FIGS. 20-23, 24A and 25A.

Shown in FIG. 12A are a first set of warp yarns 112' with
six warp yarns in the set, however other quantities are pos-
sible. First set of warp yarns 112" has a plurality of base warp
yarns 84, 88, 90, 92 in a base 60' thereby defining a first subset
106'. Additionally shown in a non-base layer, such as a velour
layer 62', are one or more velour warp yarns 2725', 2725".
Flanking or adjacent to each side of the first set of warp yarns
within border 112' are additional base warp yarns 100, 102.
Two warp yarns within the first subset of warp yarns circum-
scribed by border 106' are spaced apart from each other a first
distance 108, a distance greater than the distance of any other
pair of base warp yarns in the first subset circumscribed by
border 106'.

Pertaining to the warp yarns of FIG. 12A, a warp yarn
guide device, such as a fan-shaped reed 120", may be used to
control warp yarn spacing. As shown in FIG. 14A, fan shaped
reed 120" has three positions (e.g., 122, 124, and 126) where
warp yarns intersect the reed 120' to control spacing during
weaving. Correlating to the warp yarns arranged in FIG. 14A,
the position of fan shaped reed 120" is used to help achieve the
weave pattern of FIG. 12A and is shown to be in a “high”
position whereby the reed 120" engages warp yarns at a low
location 126. The reed 120' is progressively lowered (or
raised depending on its orientation) so as to shift the base
warp yarns 84, 88, 90, 92 apart making space for the velour
warp yarns 2725',272b" to be incorporated into the base layer
60", 60", 60™.

Shown in FIG. 12B is the first set of warp yarns from FIG.
12A with a different arrangement and circumscribed by
dashed border 112". The first set of warp yarns in FIG. 12B
differs from that of FIG. 12A in that velour warp yarn 272%'
has been shifted into the first subset 106" or base layer 60".
Therefore, in the first subset 106" of the first set of warp yarns
circumscribed by dashed border 112", there are now five base
warp yarns instead of four. Reed 120" may be shifted to the
middle position to shift the base warp yarns sufficiently to
accommodate velour warp yarn 2724' in the base layer 60".

Reed 120™ may be shifted even further to the low position
illustrated in FIG. 14C so as to allow for velour yarn 2725" to
be incorporated in base layer 60", as illustrated in FIG. 12C.
In this state, the base layer 60" circumscribed by dashed line
106" holds six base warp yarns.
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The distance 108" shown in FIG. 12C has increased to be
greater than distances 108' and 108" shown in FIGS. 12A and
12B, respectively. Even though the distance 108" has
increased, the warp yarn density of the base layer 106™ is
maintained relatively consistent with the warp yarn densities
of'one or both of the arrangements depicted in FIGS. 12A and
12B. Additionally, the velour warp yarn density in terms of
velour warp yarns per given length, has decreased in FIG.
12C, i.e., to a magnitude of zero) when compared to one or
both of FIGS. 12A and 12B. Warp yarn 2725" adopts the
weave pattern of the base warp yarns circumscribed by border
106" depicted in FIG. 12C.

The warp yarns are guided by reed 120 through a variety of
spacings (or dents) within the reed used to influence the
woven width (or diameter) of the prosthesis 10". As illus-
trated in FIG. 18, the spacings correlate with locations 800,
802, 804, 806, 808, 810, and 812, each location having a
different offset (816, 818, 820, 822, 824, 826, and 828)
respectively, from a datum 814 on the reed 120. For example,
since warp yarn group 250 is shown to enter the base layer
first (from the bottom or distal end 20' in FIG. 9), the portion
of the prosthesis woven prior to group 250 being moved into
the base relates to location 800 of fan shaped reed 120 spaced
from a datum 814 on the reed a distance 816. When warp yarn
group 250 moves into the base layer, the fan shaped reed
moves to a second position causing warp yarns to engage a
second location 802 on the fan shaped reed 120, spaced a
distance 818 from the datum 814 on the reed. This relation-
ship may continue for the remaining groups 254, 258, 262,
266, and 270 such that portions of the bulbous profile 230' in
FIG. 9 can be controllably and repeatably formed.

In order to achieve both a flare and a taper, the process
described above to expand the diameter can be reversed while
still weaving in the same warp yarn direction. Therefore,
warp yarns are shifted from a base layer into a non-base layer
such as a velour layer when a taper is desired. The fan shaped
reed will therefore be controlled to move in the opposite
direction, causing the diameter of the bulbous portion 14' of
prosthesis 10' to be reduced, thereby controllably forming the
contour 232' illustrated in FIG. 9.

While FIGS. 12A through 12C illustrate a specific behav-
ior of a set of warp yarns applicable to many different woven
structures, such as a woven conduit, the principles illustrated
in FIGS. 12A through 12C may be replicated throughout
portions of woven structures, including woven structures con-
figured to be used as vascular prostheses, e.g., in which com-
plex and varied diameters or contours are desired. Contoured
shapes including cylindrical conduits may be formed and
configured to represent the natural geometries and shapes of
the vascular structure for humans and mammals. This can be
accomplished without using yarns of different material
attributes, such as shrinking attributes, including coefficients
of shrinking. In alternative embodiments however, yarns of
different coefficients of shrinking may be used.

Prosthesis 10' of FIG. 8 has a length 220 between twelve
and thirty centimeters, although other lengths may be appro-
priate depending on the intended use. The second tubular
portion 16' has a first length 218 greater than ten centimeters,
preferably fifteen centimeters, but other lengths may be used.
The first tubular portion 12' has a first tubular diameter 222
and a length 212, and the second tubular portion 16' has a
second tubular diameter 224. A maximum diameter 226 is
greater than the diameters of the first and second tubular
portions 12' and 16' respectively, and is positioned within the
bulbous portion 14'. The maximum diameter 226 is larger
than the diameters 222 and 224 by four to sixteen millimeters,
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preferably six to ten millimeters, and most preferably by
about eight millimeters, but this difference may be varied.

As further illustrated in FIG. 8, the maximum diameter 226
of'bulbous portion 14' may be positioned to be closer to a first
transition region 22' than a second transition region 24', hence
further from the second transition region 24' than the first
transition region 22'. For example, the maximum diameter
226 may be positioned at a distance 216 from second transi-
tion region 24', such that the distance 216 is between 50% and
75%., or between 60% and 70%, or between 65% and 70% of
the length 214 of the bulbous portion 14'. The woven length
214 of the bulbous portion 14' is configured to approximate
the diameter 224 within a tolerance of plus or minus two
millimeters, preferably one millimeter. The first tubular por-
tion 12' is configured to have a length 212 measured from the
first transition region 22' to the proximal end 18', greater or
equal to one centimeter. All of these dimensions are provided
as examples, for they may vary and are not intended to limit
the scope of the invention.

The first transition region 22' represents the transition from
the first tubular portion 12' to the bulbous portion 14', while
the second transition region 24' represents the transition from
the bulbous portion 14' to the second tubular portion 16'. The
bulbous portion 14' is woven to have a varied diameter profile
and is configurable to have varying degrees of flaring and
tapering, to mimic the natural anatomy, shape, dimensions,
and intended blood flow dynamics of the aortic root for car-
diothoracic surgery pertaining to the ascending aorta.

FIG. 9 illustrates a partial view of a woven prosthesis 10'
embodiment representative of elements of the present disclo-
sure, taken about border 240 of FIG. 8. Illustrated in FIG. 9 is
abulbous portion 14', and adjacent thereto portions of the first
tubular portion 12' and the second tubular portion 16'. Pref-
erably, the first tubular portion 12' and the second tubular
portion 16" have warp yarns continuously woven throughout
the bulbous portion 14' into one, preferably both of the first
and second tubular portions 12' and 16'. Other elements such
as first transition region 22' and second transition region 24'
are illustrated as well. The second transition region 24' may
correlate with the sinotubular junction common to the
anatomy of the ascending aorta.

Optionally, both the first transition region 22' and second
transition region 24' may be visually differentiated from other
regions of the prosthesis through the use of a diameter tran-
sition reference indicator 27', 29'. The diameter transition
reference indicator may include the use of a weft yarn of a
color different from the color of the weft yarn used in other
regions of the prosthesis. For example, the entire prosthesis
can be woven with two or more weft yarns of different colors,
wherein the color of the weft yarn used for all or a portion of
a transition region (e.g., one or both of 22' and 24' in FI1G. 9)
may be chosen to be a first color while the weft yarn used for
the other regions may be chosen from a second color. In an
example embodiment, the first color is dark, and is preferably
green, blue or even black while the second color is lighter than
the dark color, and is optionally white. The second weft yarn
can be woven in addition to or instead of a first weft yarn to
form the transition reference indicator. The second weft yarn
can have an over and under (1/1) interlacing or may optionally
float over a plurality of warp yarns. Variations are shown in
FIG. 9 as 29' (having two weft passes of a 1/1 interlacing) and
27" (having one weft pass with a plurality of floats). Other
arrangements are of course possible and are shown for
example in FIGS. 16A, 16B, 17A, and 17B as reference
numerals 27" and 29". The diameter transition reference indi-



US 9,402,753 B2

17

cators can be used in all embodiments shown within the
present application, including those of FIGS. 1, 20-23, 24A,
24B, 25A, and 25B.

In embodiment 10' of FIG. 9, the velour warp yarn density
(quantity of velour warp yarns per given length of woven
fabric) is shown to decrease when moving towards the maxi-
mum diameter portion of the bulbous portion 14', and away
from either the first or second transition regions 22' and 24'.

Additionally shown in FIG. 9, the second tubular portion
16' has a crimped surface 17'. This is shown more specifically
in FIG. 15, taken about border 19 shown in FIG. 8. The
crimped surface can be circularly or helically crimped.

Variations of the shape illustrated in FIG. 9 can be made by
controlling how many warp yarns are moved into the base, as
well as by controlling the movement and coordination of the
fan-shaped reed 120. Additionally, variations can be made by
controlling how many weft passes will be woven with the
warp yarns while the fan-shaped reed 120 is moving or sta-
tionary.

FIG. 11 illustrates the behavior of the velour warp yarns
272" and 272b" circumscribed by border 244 in FIG. 10.
Velour warp yarns 272" and 272" are shown to adopt a 5/1
weave pattern in portion 780. The velour warp yarns 2724'
and 2726" float over a plurality of weft passes 752 (depicted
as yarns extending from left to right in FIG. 11). After floating
over weft pass 765 and under weft pass 766, velour warp yarn
2725 is shown to adopt the weave pattern of base layer 60",
60™, which in this example may be represented as a 1/1 weave
pattern. Thereafter, velour warp yarn 2724' engages each of
the weft passes 769 through 773. Fan shaped reed 120 adjusts
from a first position 121" illustrated in FIG. 13A while weav-
ing portion 780 to a second position 121" illustrated in FIG.
13B while weaving a portion at or near transition point 786
(illustrated by a dashed horizontal line). In the first position
(FIG. 13A) where the reed 121' has been moved to a top
position, warp yarns engage the reed at a low portion 136 of
the reed, and in the second position 121" (FIG. 13B), the reed
has been moved to a middle position whereby warp yarns
engage the reed at the middle portion 134 of the reed 121".
Therefore, when velour warp yarn 2725' adopts the base
weave pattern 60", 60™, the warp yarn spacing in the base
layer 60", 60" may be maintained.

Further illustrated in FIG. 11, velour warp yarn 2725" is
shown to first adopt a 5/1 weave pattern in portion 780 and
part of portion 781, and then adopt a weave pattern consistent
with the base weave pattern in portion 782. This behavior is
similar to that of velour warp yarn 2724', but begins at a
different weft pass. After floating over weft pass 766 and
under weft pass 767, velour warp yarn 2725" is shown to
adopt the weave pattern of a base layer 60", which in this
example may berepresented as a 1/1 weave pattern. Similarto
velour warp yarn 2725', velour warp yarn 2725" engages each
of the weft passes 769 through 773. Fan shaped reed 120
adjusts from a second position 121" illustrated in FIG. 13B to
a third position 121" illustrated in FIG. 13C at or near tran-
sition point 788 (illustrated by a dashed horizontal line). In
the second position 121" (FIG. 13B), where the reed 121" has
been moved to a middle position, warp yarns engage the reed
at a middle portion 134 of the reed, and in the third position
121" (FIG. 13C), the reed 121" has been moved to a bottom
position whereby warp yarns engage the reed 121" at the top
portion 132 of the reed 121'". Therefore, when velour warp
yarn 272b" adopts the base weave pattern, the warp yarn
spacing in the base layer 60" may be maintained, and the
overall width achieved by the same quantity of warp yarns
from portion 780 has increased to increasingly wider portions
781 and 782.
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A distance between the two outer most base warp yarns 100
(on the far left) and 92 (on the far right) increases in portion
781 and again in 782 while the woven portion circumscribed
by border 244 maintains a fairly consistent warp yarn density.

FIG. 20 illustrates another example embodiment of the
present invention. Prosthesis 310 comprises a proximal end
318, and a distal end 320, and a sidewall 330 disposed ther-
ebetween, preferably constructed through a weaving process.
The sidewall 330 may be woven with a base layer and velour
layer, as illustrated by example in FIGS. 12A through 12C.
Such weaving processes used to provide prosthesis 310 may
be consistent with the weaving of portions of prosthesis 10'
described herein.

Prosthesis 310 is configured to have a size and shape in
accordance with the bulbous portion of prosthesis 10'. Unlike
prosthesis 10", prosthesis 310 does not have first and second
tubular portions 12', 16'. Prosthesis 310 may be woven in a
manner generally consistent with prosthesis 10'. Prosthesis
310 may be formed, for example, by cutting the bulbous
portion 14' from prosthesis 10', and utilizing the woven bul-
bous portion alone.

FIG. 21 illustrates a prosthesis 410 including a proximal
end 418, and a distal end 420, and a sidewall 430 disposed
therebetween, preferably constructed through a weaving pro-
cess. The sidewall 430 may be woven with a base layer and
velour layer, as illustrated by example in FIGS. 12A through
12C. Such weaving processes used to provide prosthesis 410
may be consistent with the weaving of portions of prosthesis
10' described herein.

Prosthesis 410 is configured to have a size and shape in
accordance with the bulbous portion of prosthesis 10', as well
as the first tubular portion 12' of prosthesis 10'. Unlike pros-
thesis 10", prosthesis 410 does not have a second tubular
portion 16'. Prosthesis 410 may be woven in a manner gen-
erally consistent with prosthesis 10'. Prosthesis 410 may be
formed by removing through cutting for instance, second
tubular portion 16' from prosthesis 10', and utilizing the
remaining portion of prosthesis 10' not removed.

FIG. 22 illustrates a prosthesis 510 which comprises a
proximal end 518, and a distal end 520, and a sidewall 530
disposed therebetween, preferably constructed through a
weaving process. The sidewall 530 may be woven with a base
layer and velour layer, as illustrated by example in FIGS. 12A
through 12C. Such weaving processes used to provide pros-
thesis 510 may be consistent with the weaving of portions of
prosthesis 10' described herein.

Prosthesis 510 is configured to have a size and shape in
accordance with the bulbous portion of prosthesis 10', as well
as the first tubular portion 12' of prosthesis 10'. Unlike pros-
thesis 10", prosthesis 510 does not have a second tubular
portion 16'. Prosthesis 510 may be woven in a manner gen-
erally consistent with prosthesis 10'. Prosthesis 510 may be
formed by removing through cutting for instance, second
tubular portion 16' from prosthesis 10', and utilizing the
remaining portion of prosthesis 10' not removed.

FIG. 23 illustrates a prosthesis 610 which comprises a
proximal end 618, and a distal end 620, and a sidewall 630
disposed therebetween, preferably constructed through a
weaving process. The sidewall 630 may be woven with a base
layer and velour layer, as illustrated by example in FIGS. 12A
through 12C. Such weaving processes used to provide pros-
thesis 610 may be consistent with the weaving of portions of
prosthesis 10' described herein.

Prosthesis 610 is configured to have a size and shape in
accordance with a portion of the bulbous portion 14' of pros-
thesis 10", as well as the second tubular portion 16' of pros-
thesis 10". Unlike prosthesis 10', prosthesis 610 does not have
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a first tubular portion 12', nor does it have a proximal portion
of the bulbous portion 14' of prosthesis 10'. Therefore, the
bulbous portion of prosthesis 610 only expands outward in an
increasing diameter configuration, such as a “flared” manner,
flaring from the second tubular portion 616 towards the proxi-
mal portion 618. Prosthesis 610 may be woven in a manner
generally consistent with prosthesis 10'. Prosthesis 610 may
be formed by removing through cutting for instance, the
proximal portion of the bulbous portion 14", through cutting
for instance at the location of the maximum diameter 226 of
prosthesis 10' (FIG. 8), as well as the first tubular portion 12
of prosthesis 10, thereby utilizing the remaining portions of
prosthesis 10" not removed.

FIGS. 24 A and 24B illustrate a prosthesis 910 which com-
prises a proximal end 918, a distal end 920, and a sidewall
disposed therebetween, preferably constructed through a
weaving process. The sidewall may be woven with a base
layer and velour layer, as illustrated for example in FIGS. 12A
through 12C. Such weaving processes used to provide pros-
thesis 910 may be consistent with the weaving of portions of
prosthesis 10" described herein.

Prosthesis 910 is configured to have a flared shape expand-
ing from a minor diameter 938 at the proximal end to a larger
diameter at the distal end 920. As illustrated in FIG. 24A, the
flared shape of prosthesis 910 is not continuously flared
throughout the length 930. Instead, prosthesis 910 has a
proximal region 912, a distal region 916, and a flared region
914. The flared region 914 utilizes the weaving technique
disclosed throughout this specification and incorporates more
warp yarns as velour warp yarns towards the proximal end
918 than towards the distal end 920. The velour density
change per unit length within the flared region 914 is greater
than one or more adjacent regions 912, 916. For instance,
proximal region 912 is shown to have a generally consistent
diameter 938 throughout its length 932. Similarly, distal
region 916 may have a generally consistent diameter 940
throughout its length 936. The proximal region 912 transi-
tions to the flare region 914 at a proximal transition zone 922,
while flared region 926 transitions to the distal region 916 at
a distal transition zone 924. In the proximal and distal tran-
sition zones 922, 924 the rate increase and decrease of the
velour warp yarns transitioning to base warp yarns and vice
versa is at a maximum. In the flared region 926, the rate of
change of velour yarns transitioning to base warp yarns is a
constant non-zero value, while in the proximal and distal
regions 912 and 916 the rate may be a constant value of zero
(representing no change of velour warp yarns to base warp
yarns).

FIGS. 25A and 25B illustrate a prosthesis 960 similar to the
embodiment of prosthesis 910, but instead the prosthesis 960
has a generally or substantially constant flare between its
proximal end 964 and distal end 966. The sidewall of pros-
thesis 960 may be woven with a base layer and velour layer,
as illustrated for example in FIGS. 12A through 12C. Such
weaving processes used to fabricate prosthesis 960 may be
consistent with the weaving of portions of prosthesis 10' and
910 as described herein.

Prosthesis 960 is configured to have a flared shape expand-
ing from a minor diameter 970 at the proximal end to a larger
diameter 972 at the distal end 966. As illustrated in FIG. 25A,
the flared shape of prosthesis 910 is continuously flared
throughout the length 970. A flared region 962 utilizes the
weaving technique disclosed throughout this specification
and incorporates more of the total quantity of warp yarns as
velour warp yarns towards the proximal end 964 than towards
the distal end 966. The velour density therefore steadily
decreases within the flared region 962. Throughout the pros-
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thesis along the longitudinal direction a rate of change of
velour yarns transitioning to base warp yarns may be a con-
stant non-zero value.

In order to accomplish the change in woven structure width
along a weft yarn direction, or for tubular structures, the
change in related diameters, the principles of weave pattern
adjustment from a velour warp yarn to a base warp yarn, as
described previously by example in relation to FIGS. 12A
through 12C, and applicable to the finished prostheses illus-
trated for example in FIGS. 1, 8, 9, 20 through 23, 24A, 24B,
25A, and 25B will be illustrated and further described.

It should be noted that embodiments of the invention may
involve the movement of all velour warp yarns to the base
layer as illustrated for example for prosthesis 10" in FIGS.
16A and 16B prior to emerging from the base layer to return
as velour warp yarns. In other embodiments, such as the
prosthesis 10" illustrated in FIGS. 17A and 17B, less than all
of the velour warp yarns are moved into the base.

It should also be noted that many permutations of weave
patterns may be employed to carry out the invention. For
example, warp yarns not in the base may exist in a layer of a
three dimensional fabric near or adjacent to the base, and then
may be brought into the base. Alternatively, warp yarns not in
the base may be of the many varieties of velour warp yarns
such as single velour and double velour warp yarns. The
single or double velour warp yarns may be brought into the
base and adopt a weave pattern involving a higher frequency
ofiinterlacing when in the base than when not in the base. This
may be fully or partially achieved by the movement of the
velour warp yarns from a first position in which the velour
warp yarn adopts a velour weave pattern, such as but not
limited to a 5/1 velour weave pattern, and adjusts to a second
weave pattern, such as a weave pattern consistent with the
base, including but not limited to a 1/1, 6/4, or 6/3 weave
pattern. Other weave patterns appropriate for the base
include, for example, a 3/1 weave pattern, a 2/1 weave pat-
tern, a 1/3 weave pattern, as well as a 1/4 weave pattern.

Additionally, it should be noted that by adjusting where the
velour yarns transition into the base, the rate of expansion or
contraction for the width of woven structure will be control-
lable, and enable different shapes and geometries to be fab-
ricated.

Method of Manufacture and Fabrication

Prostheses consistent with and resulting from the methods
of manufacture of the embodiments of the present invention
may be constructed in a variety of specific ways. In certain
embodiments, examples of the present invention may be
manufactured in four steps comprising (i) a flat weaving step,
(ii) a cutting step, (iii) a heat setting step, and (iv) a steriliza-
tion step. The heat setting step may be achieved in a two-step
manner, first involving the application of heat through a
crimping mandrel to crimp and corrugate certain portions of
the surface of portions of the prosthesis, as well as a shaping
step in which heat is applied to the prosthesis, whereby the
prosthesis takes a “set” or “shape memory” in an expanded
state through the usage of an expandable bladder configured
to provide a shape consistent with the desired final shape of
the prosthesis. Furthermore, an optional step (v) of inserting
one or more reference lines at diameter transition regions
could be employed. Such a step would demarcate through a
change in color of the weft yarn passes at diameter transition
regions to enhance the visual identification of such transi-
tions. Such a step may occur through the use of a multi-
colored weft insertion mechanism wherein a secondary weft
yarn of a different color than the yarn chosen for a primary
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weft yarn is visually different (colored differently, preferably
darker) and used in conjunction with or instead of the primary
weft yarn.

An example prosthesis according to the present invention,
including prosthesis 10, 10", 10", 910, and 960 may be woven
with a loom, e.g., a Jacquard-type loom 136, and a warp yarn
guide device, e.g., fan-shaped reed 120, as shown in FIGS. 18,
19A, and 19B. The warp yarns or threads (i.e., those yarns
extending in the longitudinal direction) and one or more weft
or fill yarns or threads (i.e., those yarns extending generally
transverse to the longitudinal direction of the portion to be
woven) are interlaced with one another in one or multiple
predetermined weaving patterns. When weaving a conduit, as
employed in various embodiments of the present invention, at
the weaving station of the loom, the warp yarns are fed indi-
vidually through heddles aligned transverse to the longitudi-
nal direction on one of four or more shafts. The upward and
downward movement of the shafts moves a preselected pat-
tern of the warp yarns up and then down. In such an arrange-
ment, two of the shafts move the warp yarns for forming the
upper surface of the tubular conduit, and two of the shafts
move the warp yarns for forming the lower surface of the
tubular conduit. As the warp yarns on one shaft are drawn
upwardly and the warp yarns on another shaft are drawn
downwardly, the weft thread is shuttled in a first direction
between those groups of warp yarns to weave the upper sur-
face of the tubular conduit, thereby providing a weft pass of
the weft yarn, also known as a machine pick. The weft yarn is
then shuttled in a reverse direction between another group of
upwardly and downwardly drawn warp yarns to weave the
lower surface of the tubular conduit, thereby creating an
additional weft pass or machine pick. The position of the
shafts and thus the position of the warp yarns is then reversed
and the weft thread is again shuttled between the groups of
warp yarns, creating a plurality of weft passes, wherein the
process continues resulting in a woven tubular shape.

As they approach the weaving station, the warp yarns are
fed between the fingers of a fan-shaped reed 120, which
aligns the yarns for weaving and which thus determines the
ultimate shape ofthe woven article. Whereby weaving tubular
articles having a substantially constant diameter is performed
utilizing a conventional front reed which is fixed in place and
which has evenly spaced fingers used to produce constant
spacing between the warp yarns, reeds with varying spacing
will be beneficial for carrying out the present invention but are
not required. An example of such a reed has spacing between
the fingers which is narrow at a first end or bottom end, and
gradually increases toward the top end. In contrast to conven-
tional reeds, the fan-shaped reed 120 is not held in a fixed
position, but rather is moved upward or downward with
respect to the warp yarns to alter yarn to yarn spacing in all or
portions of the of the article being woven. For example, fan
shaped reed 120', 120" 120" as shown in FIGS. 14A-14C,
may be moved upwards and downwards, causing warp yarns
to engage the fan shaped reed 120', 120", 120" at a plurality
of elevations represented by dimensions 816 through 828 in
FIG. 18, all with respect to a datum 134. When the fan shaped
reed is at its highest position, the warp yarns engage the reed
at a low position such as that represented by location 800 in
FIG. 18. Likewise, when the fan shaped reed is at its lowest
position, the warp yarns engage the reed at a high location
such as that represented by location 812 in FIG. 18. In the
context of fabricating a tubular article consistent with certain
embodiments of the present disclosure, the movement of the
fan-shaped reed 120 provides for an adjustable diameter.

When programmed to coordinate with the specific manipu-
lation or engagement of warp yarns, the spacing of warp yarns
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can be adjusted to provide for sufficient space such that one or
more velour warp yarns may be brought into the base, and
woven as a part of the base, thereby adopting a weave pattern
consistent with the base. The invention thereby enables a base
warp yarn density to be held within a range or otherwise
managed, such that the diameter of a tubular woven conduit
may be selectively adjusted, without requiring an adjustment
of the finished spacing of warp yarns within a base layer.
Provided that a sufficient quantity of velour warp yarns are
able to be brought into the base, controlled flaring and taper-
ing of all or portions of a woven tubular conduit may therefore
be provided

When the reed 120 is gradually moved upwards as the
weaving of the tubular conduit advances, the spacing between
the warp yarns and, hence, the diameter of the tubular article
being woven, see, e.g., greige 130 in FIG. 19A, will gradually
be decreased. Similarly, when the reed 120 is gradually
moved downward as the weaving of the tubular conduit
advances, the spacing between the warp yarns will increase as
will the diameter of the tubular article being woven. The rate
of movement of the reed 120 will determine the taper of the
article being woven. The faster the reed is moved, the larger
the angle of taper, and the slower the reed is moved, the
smaller the angle of taper. Moving the reed at a constant rate
will produce a constant angle of taper. However, changing the
rate of movement of the reed enables tubular articles to be
formed with curved or changing angles of taper. It is noted
that use of the reed is not required as the spacing between
warp yarns may already be large enough to accommodate
shifting of the non-base warp yarns, e.g., velour war yarns,
into the base layer of the prosthesis.

When using a movable reed 120, itis initially held in a fixed
lower position to weave a substantially uniform diameter
tubular conduit. When a desired length of the tubular conduit
has been reached, the reed 120 is drawn downwards in incre-
ments, providing additional spacing between certain warp
yarns such that additional warp yarns may be moved from a
first position in a velour layer to a second position in the base
layer. This is done such that when the warp yarns are brought
into the base layer, and adopt a weave pattern consistent with
the base layer, as illustrated in FIGS. 12B-12C, for example,
the resulting spacing between the warp yarns adjacent the
additional warp yarn is increased. With each change for addi-
tional warp yarns to be brought into the base, the movement of
the reed 120 will have to be evaluated to see if an adjustment
is needed to provide sufficient spacing such that at a rate
which would produce the desired angle of taper. The front
reed is continued to be drawn downward as the weaving
process continues until a woven fabric having the desired
tubular configuration has been formed as the greige 130 rep-
resented for example in FIGS. 19A and 19B.

The weaving step utilized to fabricate embodiments of the
present invention may be conducted for a given length of a
woven structure. In accordance with embodiments of the
present invention, a plurality of bulbous portions may be
woven into a greige 130 shown in FIGS. 19A and 19B. A
secondary cutting step may be employed at cutting locations
132 shown in FIG. 19A as dashed lines in order to section the
woven structure to a length consistent with the desired
intended usage of a prosthesis.

During further processing of the prosthesis, all or portions
of the prosthesis of the present invention may be crimped to
provide for “self-supporting” qualities of the finished pros-
thesis, adding rigidity to the tubular prosthesis wherein the
strength is needed to ensure proper cross sectional area for
assured flow of blood through the conduits. Examples are
disclosed by example in U.S. Pat. No. 3,945,052 herein incor-
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porated by reference. As illustrated in all the figures, neither
the bulbous portion nor the collar or first woven portion 12,
12" are crimped but they may be crimped in other embodi-
ments. A benefit to not crimping these sections include, for
example, being able to provide a surgeon locally flat or
slightly curved surfaces beneficial for anastomosis and sutur-
ing. Providing a surface that has crimps, pleats, or corruga-
tions in the bulbous portion 14, 14' and/or a collar, e.g., the
proximal tubular woven portion 12, 12', may complicate
suturing and anastomosis procedures as it is understood to be
more convenient to suture and perform a proximal anastomo-
sis on a flat or slightly curved surface rather than a non-
uniform crimped, pleated, or corrugated surface.

The woven fabric or prosthesis 10, 10', 10", 10", 910, 960
may be coated with a collagen or gel coating applied to entire
length of the prosthesis for sealing purposes. Therefore, in
addition to a uniform textile structural porosity capable of
being achieved in a base layer (between warp yarns, weft
yarns, and interwoven combinations thereof), a uniform func-
tional porosity impacting permeability of the woven fabric to
a fluid may additionally be achieved.

The prosthesis 10, 10',10',10™, 910, 960 may be sterilized
from any of the sterilization process suitable for woven grafts,
including gamma radiation or cobalt 60 radiation, ethylene
oxide gas, or e-beam radiation as commonly known to one
skilled in the art.

Materials useful for forming embodiments of the present
invention include textile weaving products, for example, syn-
thetic materials such as synthetic polymers. Synthetic yarns
suitable for use in the present invention include, but are not
limited to, polyesters, including polyethylene terephthalate
polyesters (herein referred to as PET), polypropylenes
(herein referred to as PP), polyethylenes, polyurethanes and
polytetrafluoroethylenes (herein referred to as PTFE). The
yarns may be of the monofilament, multifilament, spun type
or combinations thereof. The yarns may also be flat, twisted
or textured, and may have high, low or moderate shrinkage
properties. Such yarn materials, for instance PET, are avail-
able from DuPont under the trade name of Dacron. The yarns
may, for example, have a total denier in the range of 15 to 300,
or in the range 100 to 200, and may also be about 140 denier
but can have other sizes as well. The yarns may be comprised
of single or multiple plies. An example yarn that may be
utilized according to the present invention may be texturized
and PET based, and comprises two plies, each having a denier
of 70, the yarn having a total denier of 140.

The following four examples are to be illustrative of
embodiments that relate to the present invention. The first two
relate to the formation of a bulbous prosthesis, consistent with
prosthesis 10, 10' shown in FIGS. 1 and 8 respectively. The
second two relate to the formation of a prosthesis tapering
generally from a small diameter end to a larger diameter end.
Unless otherwise noted, the vascular prosthesis of all of the
following examples were fabricated through flat-woven pro-
cesses, arranged to achieve a tubular configuration using an
electronic Jacquard weaving machine and a variable reed
such as a fan-shaped reed.

Example 1

In a first example of the present invention, an aortic pros-
thesis is constructed to have small diameter of approximately
32 millimeters, and a maximum diameter of approximately
40 millimeters. The prosthesis is constructed in accordance
with the elements represented for instance in FIGS. 1 and 8.

A weft yarn material chosen for the present example is
comprised of polyethylene terephthalate (PET) and is config-
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ured from two plies of 70 denier per ply, thereby having a final
denier of 140. A warp yarn material chosen for the present
example is comprised of polyethylene terephthalate (PET)
and is configured from two plies of 70 denier per ply, thereby
having a final denier of 140. Either or both of the warp and
weft yarn materials may be texturized or untexturized. A base
weave pattern is chosen to be a plain weave pattern. It is
determined that a velour layer will be woven to the outside of
the base layer. The weave pattern chosen for the velour layer
is a 5/1 pattern.

A constant weft yarn spacing is chosen to be used for the
weaving of all woven portions of the prosthesis. Specifically,
an average weft yarn spacing (or density) of 66 yarns per inch
(26 weft yarns per centimeter) is determined to be used for all
woven portions of the prosthesis. Although a goal spacing of
66 yearns per inch is chosen, one will appreciate that toler-
ances throughout the woven prosthesis will be expected. Pref-
erably, such a spacing will be within a range of plus or minus
30% of the targeted average, more preferably 20% of the
targeted average, and most preferably 10% of the targeted
average.

A total quantity of warp yarns is chosen based on a desired
warp yarn density, positioning, and finished diameters,
including the maximum diameter portion of the woven
article. By way of example, a total of 703 warp yarns have
been chosen.

When weaving the first portion 12, 12' and the third por-
tions 16, 16' (both collar and crimped/corrugated sections
respectively), the position of the reed 120 is set to its narrow-
est width in order to achieve a woven fabric tubular diameter
ofapproximately 32 mm (or flat width 50.3 mm), and the total
of 703 warp yarns are so divided into two groups. The first
group includes 469 warp yarns to form the base layer, and the
second group includes 234 warp yarns to form the velour
layer of the first portion. Therefore, to achieve the intended
tubular diameter of 32 millimeters, the warp spacing for the
base layer is 118 yarns per inch (46 yarns per centimeter)
when a 32 millimeter diameter portion is to be woven, and 59
velour warp yarns per inch (23 yarns per centimeter) for the
velour layer. The average fabric warp spacing including both
velour and base warp yarns is the sum of both layers, i.e., 177
yarns per inch (70 yarns per centimeter). The first tubular
portion 12, 12' is woven with warp yarns acting as both base
warp yarns and velour warp yarns to establish the first tubular
portion 12, 12".

The fan shaped reed 120 is gradually repositioned in steps
during the weaving process to achieve the desired profile of
the bulbous portion 14, 14'. This occurs in combination with
the conversion of velour warp yarns into base warp yarns,
until the maximum desired diameter is achieved.

When reaching the maximum diameter portion, the reed
120 is at its widest to help fabricate the maximum fabric
tubular diameter of 40 mm (or flat width 62.8 mm), and the
total of 703 warp yarns are so divided into two groups that 584
yarns now form the fabric base layer (for example, the inner
surface), and 119 yarns form the velour layer or layers. As a
result, the warp spacing for the ground layer 60, 60' is main-
tained as 118 yarns per inch (46), while the velour layer is
reduced to 24 yarns per inch (9 yarns per centimeter) for the
velour layer 62, 62".

Example 2
In a second example of the present invention, an aortic

prosthesis is constructed to have small diameter of approxi-
mately 24 millimeters, and a maximum diameter of approxi-
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mately 32 millimeters. The prosthesis is constructed in accor-
dance with the elements represented for instance in FIGS. 1
and 8.

A weft yarn material chosen for the present example is
comprised of polyethylene terephthalate (PET) and is config-
ured from two plies of 70 denier per ply, thereby having a final
denier of 140. A warp yarn material chosen for the present
example is comprised of polyethylene terephthalate (PET)
and is configured from two plies of 70 denier per ply, thereby
having a final denier of 140. Either or both of the warp and
weft yarn materials may be texturized or untexturized. A base
weave pattern is chosen to be a plain weave pattern. The
velour layer 62, 62" can be woven to the outside of the base
layer 60, 60'. The weave pattern chosen for the velour layer is
a 5/1 pattern.

A constant weft yarn spacing is chosen to be used for the
weaving of all woven portions of the prosthesis 10, 10'. Spe-
cifically, a weft yarn spacing (or density) of 66 yarns per inch
(26 weft yarns per centimeter) is determined to be used for all
woven portions of the prosthesis 10, 10'. Although a goal
spacing of 66 yearns per inch is chosen, one will appreciate
that tolerances throughout the woven prosthesis will be
expected. Preferably, such a spacing will be within a range of
plus or minus 30% of the targeted average, more preferably
20% of the targeted average, and most preferably 10% of the
targeted average.

A total quantity of warp yarns is chosen based on a desired
warp yarn density, positioning, and finished diameters,
including the maximum diameter portion of the woven
article. By way of example, a total of 550 warp yarns have
been chosen.

When weaving the first portion 12, 12' and the third portion
16, 16' (both corrugated and collar portions), the position of
the reed 120 is set to narrowest width in order to achieve a
woven fabric tubular diameter of approximately 24 mm (or
flat width 37.7 mm), and the total of 550 warp yarns are so
divided into two groups. The first group includes 367 warp
yarns to form the base layer 60, 60', and the second group
includes 183 warp yarns to form the velour layer 62, 62' of the
first portion 12, 12". Therefore, to achieve the intended tubular
diameter of 24 millimeters, the warp spacing for the base
layer 60, 60' is 124 yarns per inch (49 yarns per centimeter)
when a 24 millimeter diameter portion is to be woven, and 62
velour warp yarns per inch (24 yarns per centimeter) for the
velour layer 62, 62'. The average fabric warp spacing includ-
ing both velour and base warp yarns is the sum of both layers,
(i.e., 177 yarns per inch, or 70 yarns per centimeter). The first
tubular portion 12, 12' is woven with warp yarns acting as
both base warp yarns and velour warp yarns to establish the
first tubular portion 12, 12'. Again, the reed 120 is gradually
repositioned in steps during the weaving process to achieve
the desired profile of the bulbous portion 14, 14'. This occurs
in combination with the conversion of velour warp yarns into
base warp yarns, until the maximum desired diameter is
achieved.

When reaching the maximum diameter portion, the reed
120 is at its widest to help achieve the maximum fabric
tubular diameter of 32 mm (or flat width 50.3 mm), and the
total of 550 warp yarns are so divided into two groups that 491
yarns now form the fabric base layer 60, 60' (for example, the
inner surface), and 59 yarns formthe velour layer or layers 62,
62'. As a result, the warp spacing for the ground layer 60, 60'
is maintained as 124 yarns per inch (49 yarns per centimeter),
while the velour layer 62, 62" is reduced to 15 yarns per inch
(6 yarns per centimeter) for the velour layer.

After the maximum desired diameter is achieved, the diam-
eter of the prosthesis 10, 10' is intentionally reduced or
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tapered by reversing the steps used to create the increased
diameter. Specifically, warp yarns now in the base 60, 60' of
the prosthesis 10, 10' are adjusted and moved out of the base
60, 60' to behave and perform as velour warp yarns. The
spacing of the base warp yarns still within the base 60, 60" are
adjusted to accommodate the removal of the warp yarn from
the base layer 60, 60' to the velour layer 62, 62', without
significantly impacting the warp yarn spacing within the base
60, 60'.

Example 3

In a third example of the present invention, an aortic pros-
thesis is constructed to have a small diameter of approxi-
mately 12 millimeters, and a maximum diameter of approxi-
mately 36 millimeters. The prosthesis is constructed in
accordance with the embodiments represented for instance in
FIGS. 24A and 24B.

A 40 denier/27 filament flat yarn with 5 twists per inch
comprised of polyethylene terephthalate (PET) is chosen for
both the weft yarn and warp yarns of the present example.
Either or both of the warp and weft yarn materials may be
texturized or untexturized. A base weave pattern is chosen to
be a plain weave pattern. It is determined that two velour
layers will be woven on both sides of the base layer. One of the
velour layers will be an interior velour layer and the other will
be an exterior velour layer. The weave pattern chosen for the
velour layers is a 5/1 pattern.

A generally constant weft yarn spacing is chosen to be used
for the weaving of all woven portions of the prosthesis. Spe-
cifically, a weft yarn spacing of 160 yarns per inch (63 weft
yarns per centimeter) is determined to be used for all woven
portions of the prosthesis. Although a goal spacing of 160
yearns per inch is chosen, one will appreciate that tolerances
throughout the woven prosthesis will be expected. Preferably,
such a spacing will be within a plus or minus range of 30% of
the targeted average, more preferably 20% of the targeted
average, and most preferably 10% of the targeted average.

A total quantity of warp yarns to be continuously woven
throughout the prosthesis is chosen based on a desired warp
yarn density, positioning, and finished diameters, including
the maximum diameter portion of the woven article. By way
of'example, a total of 890 warp yarns (ends) has been chosen.

The total of 890 warp yarns are so divided into three
groups. The three groups of correspond to the base layer (e.g.,
296 warp yarns), the interior velour layer (e.g., 297 warp
yarns), and the exterior velour layer (e.g., 297 warp yarns). At
the small diameter region 912, a warp spacing for each of the
base, interior, and exterior layers is chosen to be 200 yarns per
inch (79 yarns per centimeter). The average fabric warp spac-
ing including all velour and base warp yarns (i.e., the total
warp yarn density) is the sum of the three layers i.e., 600 yarns
per inch (236 yarns per centimeter). Although a goal spacing
of 200 yearns per inch is chosen for the starting base and
velour layers, one will appreciate that tolerances throughout
the woven prosthesis will be expected. Preferably, such a
spacing will be within a plus or minus range of 30% of the
targeted average, more preferably 20% of the targeted aver-
age, and most preferably 10% of the targeted average.

When weaving the first proximal portion 912 the position
of'thereed 120 is set to its narrowest width (highest elevation)
in order to achieve a woven fabric tubular diameter of
approximately 12 mm (or flat width 19.4 mm). The first
proximal tubular portion 912 is woven for a length 932 of
approximately 10 centimeters. After the first section 912 is
woven, the weaving is adjusted at a proximal transition region
to adjust the diameter to a flared region 914. To accomplish
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this velour warp yarns in either or preferably both the interior
and exterior velour layers are gradually transitioned into the
base layer. This is accomplished in a gradual manner and in
conjunction with the gradual moving and repositioning of the
reed 120 such that an increased spacing of the base warp yarns
can be achieved to provide space for velour yarns to be woven
into the base, and therefore adopt a base weave pattern. The
loom is programmed such that the warp yarn density within
the base layer stays generally constant while the velour warp
yarn densities in one or both of the interior and exterior velour
layers gradually decreases. This occurs for a length of
approximately 5 centimeters until the maximum diameter
940 is achieved at the distal transition region distal 924.
Thereafter, a region 916 of generally constant diameter is to
be formed.

When reaching the distal end 966 wherein the diameter 940
is greatest, the reed 120 is at its widest to help achieve the
maximum fabric tubular diameter of 36 mm (or flat width 56
mm), and the total of 890 warp yarns are no longer required to
be moved from the velour layer to the base layer. Assuming all
velour warp yarns have been moved into the base layer, the
velour warp yarn density will be zero while the base warp
yarn density will be 200 yarns per inch. The distal portion 916
can be woven for a length 936 of 10 centimeters thereby
producing a finished length of 25 centimeters for the entire
prosthesis.

This third example can therefore produce a flared woven
prosthesis having substantially cylindrical proximal 912 and
distal 914 diameters and a transition or flare region 914 inter-
posed therebetween. Throughout all regions a base layer warp
yarn density can be maintained generally constant and within
the tolerances mentioned previously (i.e., plus or minus 30%
of the targeted average, more preferably 20% of the targeted
average, and most preferably 10% of the targeted average). A
sample listing of the parameters associated with this third
example as they exist along reference datums a through h in
FIG. 24A is shown in FIG. 26 as table 911.

Example 4

In a fourth example of the present invention, an aortic
prosthesis is constructed to have small diameter of approxi-
mately 12 millimeters, and a maximum diameter of approxi-
mately 36 millimeters. The prosthesis is constructed in accor-
dance with the embodiments represented for instance in
FIGS. 25A and 25B.

A 40 denier/27 filament flat yarn with 5 twists per inch
comprised of polyethylene terephthalate (PET) is chosen for
both the weft yarn and warp yarns of the present example.
Either or both of the warp and weft yarn materials may be
texturized or untexturized. A base weave pattern is chosen to
be a plain weave pattern. It is determined that two velour
layers will be woven outside of the base layer. One of the
velour layers will be an interior velour layer and the other will
be an exterior velour layer. The weave pattern chosen for the
velour layers is a 5/1 pattern.

A generally constant weft yarn spacing of 160 yarns per
inch (63 weft yarns per centimeter) is chosen to be used for
the weaving of all woven portions of the prosthesis. Although
a goal spacing of 160 yearns per inch is chosen, one will
appreciate that tolerances throughout the woven prosthesis
will be expected. Preferably, such a spacing will be within a
range plus or minus 30% of the targeted average, more pref-
erably 20% of the targeted average, and most preferably 10%
of the targeted average. A total quantity of warp yarns to be
continuously woven throughout the prosthesis is chosen
based on a desired warp yarn density, positioning, and fin-
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ished diameters, including the maximum diameter portion of
the woven article. By way of example, a total of 890 warp
yarns (ends) has been chosen.

The total of 890 warp yarns are so divided into three
groups. The three groups correspond to the base layer (e.g.,
296 warp yarns), the interior velour layer (e.g., 297 warp
yarns), and the exterior velour layer (e.g., 297 warp yarns). At
the proximal end 964, a warp spacing for each of the base,
interior, and exterior layers is chosen to be 200 yarns per inch
(79 yarns per centimeter). The average fabric warp spacing
including all velour and base warp yarns (i.e., the total warp
yarn density or spacing) is the sum of the three layers, i.e., 600
yarns per inch (236 yarns per centimeter).

The prosthesis has a flared configuration in which the
diameter is generally always increasing from the proximal
end 964 towards the distal end 966. The prosthesis can further
be represented to have a smaller diameter portion 968 and a
larger diameter portion 974.

To accomplish the enlargement of diameters through
weaving, velour warp yarns in either or preferably both the
interior and exterior velour layers are gradually transitioned
into the base layer in conjunction with a gradual repositioning
of fan shaped reed 120 to increase the spacing between base
warp yarns by lowering the reed. The velour yarns are woven
into the base, and therefore adopt a base weave pattern, or at
least a higher degree of interlacing with respect to weft yarn
passes.

The loom is programmed such that the warp yarn density
within the base layer stays generally constant while the velour
warp yarn densities in one or both of the interior and exterior
velour layers gradually decreases. This occurs for the entire
length 970 (approximately 25 centimeters) until the maxi-
mum diameter 972 is achieved at the distal end 966.

When reaching the distal end 966 wherein the diameter is
greatest, thereed 120 is at its widest to fabricate the maximum
fabric tubular diameter of 36 mm (or flat width 62.8 mm), and
the total of 890 warp yarns are no longer required to be moved
from the velour layer to the base layer. Assuming all velour
warp yarns have been moved into the base layer, the velour
warp yarn density will be zero while the base warp yarn
density will be 200 yarns per inch.

This example can therefore produce a flared woven pros-
thesis having substantially gradual transition or flare region
962 throughout. Throughout all regions a base layer warp
yarn density can be maintained generally constant and within
the tolerances mentioned previously (i.e., 30% of the targeted
average, preferably 20% within the targeted average, and
most preferably within 10% of the targeted average). A
sample listing of the parameters associated with this fourth
example as they exist along reference datums a through f of
FIG. 25A is shown in FIG. 27 as table 961.

As many apparently widely different embodiments of the
present invention can be made without departing from the
spirit and scope thereof; it is to be understood that the inven-
tion is not limited to the specific embodiments thereof except
as defined in the appended claims.

The invention claimed is:

1. A method for manufacturing an implantable medical
prosthesis, the medical prosthesis comprising a first end and
a second end, the method comprising:

weaving a woven base from a set of warp yarns and at least

one weft yarn pass, the set of warp yarns comprises warp
yarns woven as base warp yarns and warp yarns woven
as non-base warp yarns, wherein the base warp yarns
and weft yarn passes are woven into a base weave pat-
tern, and the non-base warp yarns are woven with at least
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one weft yarn pass with a smaller frequency of interlac-
ing when not woven into a base weave pattern; and

incorporating into the woven base one or more of the non-
base warp yarns through an increase in the frequency of
interlacing of the non-base warp yarns along the longi-
tudinal direction of the base warp yarns.
2. The method of claim 1, wherein the non-base warp yarns
are velour yarns.
3. The method of claim 2, wherein the woven base is
configured to establish a smaller and larger diameter portion,
the larger diameter portion capable of achieving a larger
diameter than the smaller diameter portion, wherein the larger
diameter of the larger diameter portion is achieved by the step
of incorporating into the woven base one or more velour
yarns.
4. The method of claim 2, wherein the incorporating into
the woven base one or more velour yarns exclusively utilizes
velour yarns utilized as velour prior to being incorporated into
the woven base.
5. The method of claim 2, wherein a variable reed is moved
during the weaving step to provide for a varied diameter
profile of the medical prosthesis.
6. A method for manufacturing an implantable medical
prosthesis comprising:
weaving a woven base comprising base warp yarns inter-
woven with weft yarn passes, the base at least partially
forming smaller and larger diameter portions, one or
more velour yarns forming part of both the smaller and
larger diameter portions, weaving in at least a portion of
the larger diameter portion at least one of the one or more
velour yarns of the smaller diameter portion into the
woven base to adopt the base weave pattern, and;

sterilizing the woven base and the one or more velour yarns
forming part of both the smaller and larger diameter
portions.

7. The method for manufacturing an implantable prosthesis
as claimed in claim 6, wherein the at least one of the one or
more velour yarns woven into the woven base of the larger
diameter portion and exhibiting the base weave pattern is not
woven into the base of the smaller diameter portion.

8. A method for weaving a variable diameter generally
elongate graft configured for implantation and/or anastomo-
sis by a surgeon, the elongate graft having a velour layer on at
least a portion of the graft, the method comprising the step of:

changing a weave pattern of a warp yarn used to form the

velour layer in a smaller diameter portion of the elongate
graft such that in the larger diameter portion of the graft,
said warp yarn (1) takes on a different weave pattern than
the weave pattern said warp yarn utilizes in the smaller
diameter portion and (ii) forms part of a base layer of the
larger diameter portion of the elongate graft.

9. The method as claimed in claim 8, further comprising the
step of changing the weave pattern of the warp yarn as it
transitions from the larger diameter portion to a second
smaller diameter portion so as to form a velour layer on at
least a portion of the second smaller diameter portion which
is smaller in diameter than the larger diameter portion.

10. The method as claimed in claim 6, further comprising
the step of shifting at least a pair of adjacent warp yarns used
to form a base layer of the smaller diameter portion so as to
increase a spacing between said adjacent warp yarn in the
larger diameter portion.

11. The method as claimed in claim 6, wherein a spacing
between base warp yarns used to form the smaller diameter
portion is within 30% of the size of a corresponding spacing
between the same base warp yarns in the larger diameter
portion.
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12. A method for weaving a medical prosthesis, compris-
ing the steps of:

(1) forming a first portion of the prosthesis by interweaving
base warp yarns, velour warp yarns, and one or more
weft yarn passes;

(i1) shifting at least a pair of adjacent base warp yarns so as
to increase or decrease a spacing between them; and

(ii1) forming a base layer of a second portion of the pros-
thesis by weaving the one or more weft yarn passes with
the atleast a pair of shifted base warp yarns together with
one or more of the velour warp yarns;

wherein the medical prosthesis is configured as a conduit,
and the first portion is capable of establishing a diameter
of a first magnitude and the second portion is capable of
establishing a diameter of a second magnitude greater
than the first magnitude, and wherein an average base
warp yarn density is maintained within a predetermined
range in both the first and second portions of the medical
prosthesis, while the velour warp yarn density is
decreased in the second portion as compared to the first
portion of the medical prosthesis.

13. The method as claimed in claim 12, wherein the velour
warp yarn exhibits a float in the first portion and no float or
less of a float in the second portion.

14. The method as claimed in claim 12, wherein the shift-
ing is accomplished using a warp yarn guide device.

15. The method as claimed in claim 14, wherein the warp
yarns pass through gaps in the warp yarn guide device, the
spaces are spaced apart a distance greater than the spacing
between the warp yarns in the first portion of the prosthesis.

16. The method as claimed in claim 12, wherein the medi-
cal prosthesis is generally tubular.

17. The method as claimed in claim 12, wherein the shift-
ing is incrementally increased or decreased along a longitu-
dinal axis of the graft so as to effect a change in diameter of
the prosthesis.

18. The method as claimed in claim 12, wherein a spacing
between the base warp yarns in the first portion is within a
plus or minus range of 30% of the size of a corresponding
spacing between the same base warp yarns in the second
portion.

19. The method as claimed in claim 12, further comprising
the step of using at least one of the base warp yarns from the
first portion in the second portion as a velour warp yarn and
not as part of the base layer of the second portion.

20. The method as claimed in claim 12, wherein the medi-
cal prosthesis is woven from a total quantity of warp yarns
including base warp yarns and velour warp yarns, the total
quantity of the base warp yarns and velour warp yarns is the
same for both the first portion and the second portion.

21. A method for manufacturing an implantable medical
prosthesis comprising:

weaving a tubular prosthesis with at least one weft yarn and
a plurality of warp yarns, all or a portion of the warp
yarns are woven as base warp yarns, velour warp yarns,
or both velour and base warp yarns, and wherein the
weaving occurs in a longitudinal direction from a
smaller diameter portion to a larger diameter portion
while maintaining within a predetermined range an aver-
age base warp yarn density while decreasing a velour
warp yarn density.

22. The method of claim 21, wherein a quantity of warp

yarns is maintained constant during the step of weaving.

23. The method of any of claim 21, wherein during the step
of weaving, the total warp yarn density decreases.

24. The method of claim 1, wherein in the step of incorpo-
rating into the woven base the one or more of the non-base
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warp yarns through an increase in the frequency ofinterlacing
of'the non-base warp yarns along the longitudinal direction of
the warp yarns, the non-base warp yarns assume the base
weave pattern.

25. The method of claim 1, wherein the weaving of the
medical prosthesis occurs in a flat-woven manner between
two edges of the medical prosthesis, and the set of warp yarns
is located away from and intermediately disposed between
the edges of the medical prosthesis.

26. The method of claim 1, wherein between the first end
and the second end the set of warp yarns are not cut.

27. The method of claim 21 comprising: sterilizing the
medical prosthesis.

28. The method of claim 21 comprising:

cutting the tubular prosthesis to form a first end and a

second end;
wherein between the first end and the second end the plurality
of warp yarns are not cut.
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